ABSTRACT A mass map of the hexagonally packed intermediate layer (HPI-layer), a regular protein monolayer from the cell envelope of Micrococcus radiodurans, has been obtained by scanning transmission electron microscopy. Samples were freeze-dried within the microscope, and low-dose images were recorded in the dark-field mode directly in digital form and processed by correlation averaging. The averaged projection of the unstained structure-i.e., the mass map-thus calculated shows a resolution to 3-nm period and reveals morphological features consistent with those obtained by negative staining. The mass of individual morphological domains was extracted by using variously the mass map itself or an average from a negatively stained HPI layer to define the domain boundaries. Protrusions as small as 1,300 daltons could be measured reproducibly within the unit cell of 655,000 daltons. The method developed opens an avenue to identify molecular species in situ and to correlate topographic information with biochemical data.
In recent years the scanning transmission electron microscope (STEM) has proved to be a useful and in some cases the only workable tool of mass determination (1) (2) (3) (4) (5) . The STEM has a high collection and detection efficiency for elastically scattered electrons; there is direct proportionality between the image signal recorded and the mass within the specimen volume irradiated (i.e., focus-dependent interference phenomena are effectively absent); and the sequential signal obtained may be easily transferred on-line to a computer for evaluation. Amongst the particular advantages of STEM mass determinations are: (i) only very small amounts of material-as little as a few molecules-are required; (ii) heterogeneous preparations, perhaps involving different states ofaggregation, can be evaluated, provided only that molecules can be distinguished by their size and shape; (iii) in situ mass determination is possible for intact complexes, sheets, and filaments. Beyond global mass determinations it is possible to determine the mass of distinct domains within molecules, providing topographic information that in many cases will allow correlation with biochemical data. Two of the most promising applications we envisage are to the topography of large molecular complexes, ideally identifying morphological with biochemical subunits, and to the topography ofmembranes, where different molecular species could be identified in situ. Here we develop the relevant method and employ it to determine a mass map of the hexagonally packed intermediate layer (HPI layer), a regular monolayer of protein from the cell envelope of the bacterium Micrococcus radiodurans (6) . At We have chosen the approach of "correlation averaging" for convenience rather than for any fundamental reason. The practical advantages of this method have been discussed elsewhere (7, 8) and some are illustrated below.
MATERIALS AND METHODS Micrococcus radiodurans strain RI (ATCC 13939) was grown at 300C under aeration in the medium described by Work and Griffiths (9) . HPI layer sheets were isolated by detergent extraction ofwhole bacteria as reported (10) . The layers were adsorbed from an aqueous solution containing 0.1% sodium dodecyl sulfate and 100 pmg of protein per ml, onto air glow discharged ultrathin carbon films supported by holey films; some specimens were double-stained with 0.1% sodium silicotungstate and 2% (wt/vol) uranyl acetate, whereas others were freeze-dried after washing in quartz-distilled water. Excessive water was removed from the grids; the samples were dumped into liquid nitrogen and mounted in a dry atmosphere in specimen cartridges also at liquid nitrogen temperature. The cartridges were transferred to a cold table in an ultra-high-vacuum pretreatment chamber directly connected to the microscope specimen chamber. After initial slow sublimation for an hour at -900C under a pressure below 10-7 torr (1 torr = 133 Pa), the temperature was raised to -80°C at 10-8 torr to allow sublimation to become complete within 3 hr; the process was monitored with a Balzers QMG111B mass spectrometer. Finally, the samples were warmed up and transferred to the specimen stage for immediate observation.
Elastic dark-field images were recorded at 80 kV in a Vacuum Generators HB5 STEM with a wide range of electron doses according to the magnification and scan conditions. To permit subsequent image processing, all images were recorded on magnetic tape by means ofa digital data acquisition system link- ing a Univac V75 computer to the STEM (11). The scanning interval was normally 0.4 nm for the negatively stained preparations and 1.0 nm for the freeze-dried preparations (the STEM operated at about 100 nm underfocus in the latter case to adapt the probe size to the sampling distance); 5122 points were recorded for each image. For the lowest dose pictures, a probe current of 0.14 pA and a dwell time of 40 2s provided images at a total dose of 35 electrons (e-) per nm .
The images were then averaged by using the Semper system (12) variously on a PDP 8/E and an IBM 370/165 computer. The method used involved direct superposition ofthe individual molecular images after their position had been determined through their high correlation with a small "reference" patch 1.5-2.5 molecules in diameter taken from the crystal image. In the case ofvery low dose images, the high noise level prevented recognition ofmolecular positions unless a very large reference was used, so the positions were established instead on a (subsequently recorded) higher dose image of the same area and transferred back after allowance for the specimen drift between the two exposures (again measured by cross correlation); in another case involving higher magnification images of the freezedried preparation, the average was extended over two independent 5122 fields to improve the statistical definition. The existence of a six-fold rotational symmetry axis having been established previously (7), further correlation allowed the axis to be located and six-fold rotational averaging also to be performed by superposition. After standardization of magnification, orientation, and handedness, the final averages-i.e., the mass maps-were displayed with an Optronics P1500 film writer.
The total mass per unit cell was determined as described (1, 13) . Distinct areas within the average unit cell were evaluated by using variously the mass map itself and an average from a negatively stained HPI layer to determine the boundaries ofthe features of interest. To this end the radial interval to be evaluated, the interval of grey levels to be accumulated as background, and the interval of grey levels to be treated as signal were selected manually, after which the computer determined and displayed the outlines of background and signal areas and evaluated the corresponding sums. The grey level intervals were adjusted to obtain outlines that followed the morphological domains consistently discernible on averages from HPI layers prepared and recorded under a variety of conditions. The differential mass values of these grey level slices were then calibrated by using the data from the total mass per unit cell determination.
The fraction of electrons scattered by uranyl acetate in the case of negatively stained HPI layers was evaluated by subtracting the contribution of supporting film plus protein from the overall average scattering. From this a rough estimate ofthe stain-to-protein ratio (Fig. 1) was derived, taking into account the elastic scattering cross sections (14) of uranyl acetate and protein as well as their respective average atomic weights.
RESULTS AND DISCUSSION
A gallery of images of a double-stained HPI layer preparation, all obtained under identical conditions from a single grid, is presented in Fig. 1 . The basic structure of the layer previously reported in ref. 7 can be seen reasonably clearly in all three averages: The lattice constant is 18 nm; the core of the morphological complex consists of two differently sized hexagons (diameter 10 nm and 14 nm across the flats) skewed against each other by about 250. Spokes emanate from the corners of the larger hexagon, interconnecting the complexes in the lattice and dividing the periphery ofthe core into "rosettes." A central pore appears to traverse the core normal to the plane of the layer.
On the other hand, the figure demonstrates an enormous variability in spite of identical preparation and imaging conditions. This is due chiefly to differences in the extent to which the structure is embedded in the stain; incomplete embedding necessarily accentuates features in a highly selective manner. Concurrent positive staining clearly visible in Fig. ic is afurther problem. Quite apart from the limited accuracy with which negatively stained images can portray surface features, the fidelity of such images is thus clearly not as high as is frequently claimed (e.g., refs. 16 and 17). The problem is commonly dismissed with the supposition that one selects only images ofcompletely embedded molecules, which are indeed faithful enough. However, the selection is not usually carried out on the basis of optical density, which would be fairly reliable, but on the I 1   FIG. 1 . Variability in the appearance of negatively stained HPI layer sheets. The lower right of each panel shows the average image, and the upper right shows the diffraction pattern. All images were recorded under identical conditions from the same specimen grid and displayed to consistent grey scales with some saturation of white features in b; it is obviously the different stain-to-protein ratios (wt/wt) found, namely 1.7 for a, 0.6 for b, and 0.2 for c, that give rise to the considerable differences in appearance. The average image in a-the most fully embedded case-resembles closely that obtained previously from conventional bright-field images (7), the rather smoother appearance being accounted for by the different contrast transfer properties of STEM elastic dark-field mode (15) . The incomplete embedding in b clearly accentuates fine structural details on the side of the layer facing the carbon film, such as the splitting of the spokes, the matter contained in the rosettes, and the surface features of the core; the stain accumulated within the central pore forms a column of diameter about 2 nm and height (inferred from mass measurements) about 4 um, suggesting that the pore traverses the core. The very light staining in c has allowed the contrast to be dominated by positive staining: no stain is accumulated even in the rosettes; instead it has attached itself preferentially to the periphery of the inner hexagon and to the surface of the pore. The bar in a represents 20 nm. protrusions (a, b) . The mass per unit area for a specific layer is obtained within a radial interval by computing the difference between the sum over all pixels that are-white normalized to the white area and the corresponding value from the grey pixels. Black areas are either above a maximum or below a minimum grey level that delimits the pair of layers from which the differential mass per unit area value is evaluated. From differential mass per unit area values the layer thicknesses are calculated (Table  1 ). Bearing in mind that HPI layers-have a smooth and a rough surface (10), these results permit us to draw a three-dimensional model of the HPI layer molecule (c). The scale bars represent 5 nm.
radation, however, as can be seen in Fig. 2a , and infrared spectroscopy has shown that doses between 150 and 250 e-/nm2 randomize 50% of the ordered component ofprotein secondary structure (18) . Thus the approach of "microtephroscopy," successfully applied to very small polypeptides (19) , can hardly be expected to reveal significant structural details of large oligomeric proteins, and we have preferred to accommodate the higher noise levels of lower dose images by averaging the images of large numbers of molecules.
The correlation method of averaging employed here allows an evenly weighted average to be carried out over all the molecules present, notwithstanding the irregular outlines of the crystal fragments, and permits the average to be extended over several fragments so as to build up the image statistics as necessary; it automatically excludes atypical molecules from the average (see Fig. 2b ), and it allows compensation for lattice distortions (7, 8) . The smooth systematic nature of the molecular displacement map in Fig. 3b confirms that the molecular positions are being accurately determined, and the resolution test described in ref. 7 confirms consistent detail in the averages down to 3-nm periods. The root mean square displacement of molecules from the ideal lattice sites was found to be around 1.2 nm for the freeze-dried preparations, which would impose a resolution limit of 2.4-3.0 nm on conventional averaging methods relying on crystallinity. Accordingly, it seems that, in the low-dose case at least, an inadequate signal-to-noise ratio, rather than crystalline perfection, remains the resolution-limiting factor-provided that freeze-drying has preserved the structure of the individual HPI molecule.
Averages from freeze-dried HPI layer molecules ( Fig. 3 c and f) are representative two-dimensional projections of the HPI layer molecule mass distribution. The mass of the various domains clearly discernible in this projection can thus be calculated easily, provided that their boundaries can be conveniently specified to a computer. This was accomplished here by selecting a grey level such that the corresponding contour line follows the boundary of a distinct morphological unit (Fig. 4) As illustrated in Fig. 4 , the mass maps are sliced into layers with contours following the morphological domains-i.e., spokes, outer hexagon, inner hexagon, and protrusions. To obtain objective contouring and estimate the accuracyof the mass perunit area values, each slice was evaluated by taking different contour levels and variously the map itself, another map, and the average from a negatively stained HPI layer. The thickness AZ of a slice is computed from the mass per unit area value, taking a specific volume of 0.73-cm8/g. For calibration the total mass of the HPI layer molecule is taken to be 655 kDal for the map 3fand 609 kDal for the others, given the mass-loss of 7% (see Fig. 2c ). To estimate the standard error for the mass of specific slices, the variances of both mass per unit area and area were added and the square root was taken.
Biophysics: Engel et aL %-i estimate of 6 nm obtained from metal-shadowed HPI layers (10) . Profile data derived in this way from the mass map permit refinement of a previous three-dimensional model (10) of the HPI layer protein (Fig. 4c) . On the other hand, they indicate a severe redistribution of mass within the HPI molecule due to beam damage. Indeed, while mass loss is 7% at 500 eAnm2 (Fig. 2c) , the decrease in thickness is about 20%. This gives some support to the idea that although freeze-drying might preserve the native structure of the protein, the lack of water or other embedding substitutes makes such dehydrated structures extremely labile (20) .
The HPI layer topography displayed in Fig. 4c and the figures compiled in Table 1 well illustrate the potential of the method presented here. These data provide important constraints to speculations about the disposition of material. The appearance of HPI layer averages from aurothioglucose preparations (which show a somewhat higher resolution), for example, tempts one to speculate that the spokes consist of a coiled-coil conformation of a-helices; the mass per unit length given in Table 1 shows that, ifthis is the case, the supercoil must contain 12-16 a-helices. Yet the mass measurements obviously can not prove whether the spokes are in fact organized in this form, nor do they immediately solve the problem of specifying biochemical subunit, boundaries-i.e., assigning individual polypeptides to particular morphological domains. However, mass mapping contributes significantly towards this aim because its high reproducibility and sensitivity will allow rather subtle modifications ofa protein to be compared with its native structure; in the present case protrusions as small as 1.3 kDal could be reproducibly quantified within a complex of655 kDal. Accordingly, immunolabeling could be complemented by more precise techniques such as heavy atom labeling or limited proteolysis.
This work was supported by grants from the Swiss National Foundation for Scientific Research, the United Kingdom Science Research Council, the Deutsche Forschungsgemeinschaft (Sonderforschungsbereich 160), and the European Molecular Biology Organization.
